Background: Spermatogenesis is one of the most complicated cellular differentiation
| INTRODUC TI ON
Spermatogenesis is a complex cellular process of germ cell differentiation, from spermatogonial stem cells to spermatozoa, taking a long period of time that is species specific. For instance, it takes 74 and 35 days in human and mice, respectively. 1, 2 The process could be subdivided into three phases; proliferation of spermatogonia, meiotic division of spermatocytes, and dynamic changes in shape and nuclear contents of haploid spermatids (spermiogenesis) It is always challenging to reproduce in vivo biological processes, such as spermatogenesis outside of the body, ex vivo or in vitro.
Researchers in the field worked hard and yet kept experiencing hardships and disappointments. In this review, we would like to look back such history from our present view point and give some interpretations to each study.
The methods and strategies for in vitro spermatogenesis could be divided into several categories. In this review, we classified them into four groups; organ culture, tubule culture, cell culture, and 3-dimensional cell culture methods, and discuss each of them independently.
We also discuss studies using experimental animals, mostly rodents, and humans separately in each section. Each study is described in a chronological order.
| ORG AN CULTURE ME THOD, CL A SS IC PERI OD

| Organ culture of experimental animal samples
The first description on the in vitro spermatogenesis was reported by Champy CH, who used rabbit testis for the organ culture experiment. 6 Pieces of rabbit testis were cultured on rabbit plasma for hours or for about a week. The description and drawings appear accurate, precise, and beautiful, even from our present point of view.
Somatic and undifferentiated germ cells survived for the period of 1 week, but degeneration of most germ cells occurred rapidly and drastically in a few days. Nonetheless, spermatogonial mitosis in the first week and newly formed leptotene primary spermatocytes after 9 days were described with drawings. So, it was the first report showing male germ cells passing through the transition from spermatogonial phase to the meiotic prophase in vitro.
Later in 1937, Martinovitch reported that pachytene spermatocytes were developed from presumably immature spermatogonia in the newborn mouse testis tissue cultured on a clot composed of equal parts of fowl plasma and fowl embryo extract. 7 We assume that this was the first report reliable to judge that spermatogenesis appear to have proceeded up to the mid-pachytene stage with the organ culture method.
About 20 years later, Trowel developed an organ culture system which he named gas-liquid interphase method. 8 He constructed a culture system in which tissue fragments were placed on a thin layer of agarose covering perforated metal grid. The culture medium was poured in just as the agarose becomes wet, thus soaking the cultured tissue adequately enough to obtain nutrients, yet at the same time securing enough oxygen from the gas surrounding the tissue. This gas-liquid interphase method became the golden standard of the organ culture thereafter. Trowel cultured various tissues and organs of adult rats. Testis was one of them and was reported that most tubules were degenerated and disintegrated rapidly, only a few tubules survived for 3 days. 8 It may appear that Trowel's method might be inferior to that of Martinovitch. We suppose, however, that Trowel had at least three handicaps in the experimental setting against Martinovitch. First, Trowel used testis of adult animal instead of newborn. In general, an adult tissue is much more difficult to culture than an immature tissue. Second, he used rat testis instead of mouse.
As we discuss later, rat spermatogenesis is harder to reproduce in vitro than that of mouse ( Figure 1 ). Third, he used synthetic medium.
Although we can use various types of synthetic medium, most of which are commercially available today, we still need to add some animal-derived supplements like serum or albumin in most culture experiments. The totally synthetic medium that Trowel used was likely lacking various essential factors and components. We discuss this aspect of culture more specifically in later sections.
The 1960s was the decade when research on in vitro spermatogenesis advanced significantly. As introduced above, the goldenstandard organ culture method, gas-liquid interphase method, was established. In addition, understanding of culture medium progressed rapidly and their composition improved significantly. Eagle's medium was pioneered and many others followed to establish the basics of culture medium. 9 That was when a team of husband and wife researchers, Emil and Anna Steinberger came into the stage.
They adopted Trowel's method and used the Eagle's synthetic medium to tackle in vitro spermatogenesis. In their first publication, which is an abstract of their presentation at a meeting, they reported that fragments of testis tissue of 14-day-old rat survived for 4 months. It was written that 10% calf serum was effective for maintaining the viability of the seminiferous epithelium. 10 In continuing studies, they observed the progression of spermatogenesis from zygotene to pachytene spermatocytes. 11 Then, they examined the effects of hormones and vitamins in their culture condition, using F I G U R E 1 A schematic showing results of in vitro spermatogenesis achieved by each study using rodents 4-day-old rat testes. They found that follicle stimulating hormone (FSH) and human chorionic gonadotropin (hCG) appeared to induce maturation of Sertoli cells, but did not promote spermatogonial differentiation. On the other hand, a combination of vitamins, A, C, and E, promoted the differentiation up to primary spermatocytes, at leptotene and zygotene, and rarely pachytene stages. 12 They also examined various culture parameters, including pH, temperature, gas phase, along with composition of the nutrients in the medium. 13 In this study, they described that a chemically defined medium based on Eagle's minimum essential medium, supplemented with pyruvate and six non-essential amino acids, was comparably effective as calf serum-supplemented medium in inducing spermatogenesis up to spermatocyte. However, when culture period lasted longer than 4 weeks, the chemically defined medium was not able to maintain germ cells, showing their weak point over serum-added medium.
They also examined effect of temperatures, ranging from 31 to 37°C, on organ culture of rat testis to conclude that temperature above 33°C is less optimal for survival and differentiation of germ cells. This certainly corresponds with the scrotal temperature of the animals. They also examined the effect of increased oxygen tension.
They reported that the benefit of greater penetration of oxygen into the tissue was counteracted by signs of oxygen poisoning. Higher concentration of oxygen, 5% CO 2 + 95% pure oxygen instead of 5% CO 2 + 95% air, consistently accompanied diminished number of germ cells and their shorter survival. 13 In the next report, they adopted autoradiography technique to unambiguously demonstrate the in vitro differentiation of germ cells.
14 In order to define ingredients necessary and effective to promote in vitro spermatogenesis, they abandoned serum and began actively using chemically defined media. First, they tested the effect of vitamins of A, E, and C which they formerly found effective.
Through more than 200 independent culture experiments, they confirmed the effect of vitamins to promote spermatogenesis in yielding increased number of spermatocytes. They even found that glutamine at 4 mmol L −1 or higher contributed significantly to induce spermatocyte production than vitamins did. 15 Through this experiment, they formulated a chemically defined medium that can promote in vitro spermatogenesis from spermatogonia in 4-day-old rat testis to pachytene spermatocyte in 3-week culture. They confessed yet that those spermatocytes degenerated and disappeared at 5 weeks.
In the original article of 1967, they summarized the results regarding factors in the medium affecting on the spermatogenesis.
They presented a summary data obtained using not only rats, but also mice, guinea-pigs, rabbits, monkeys, and humans. 20 They also paid attention to fetuin, a major serum protein of α-globulin, or certain other molecules co-purified from calf serum with fetuin for their effects to promote spermatogonial differentiation. 21 Later, they reported that insulin-like growth factor-1 (IGF-1) and transforming growth factor-α (TGF-α) had stimulating effects on the differentiation of type A spermatogonia. However, these factors could not promote the differentiation of germ cells through the meiotic stage. 22 In a sense, we think that Nishimune's group succeeded the works of Steinberger and tried to find factors in the serum that promote spermatogonial differentiation up to pachytene spermatocytes. They actually found retinol as differentiation-inducing factor for the spermatogonia, which is now an established notion supported by many studies. 23 They also found FSH as stimulant for spermatogonial proliferation, but this is not universally supported by other studies. In addition, the issue whether undifferentiated spermatogonia need serum or factors in the serum to initiate differentiation remains to be elucidated and needs further research.
Boitani and colleagues also repeated the Steinbergers' method using 9-day-old rat testis and observed the appearance of pachytene spermatocytes. The culture medium they used was Eagle's minimum essential medium with Earle's salts supplemented with glutamine, Hepes, and nonessential amino acids. Ovine FSH, ovine luteinizing hormone (LH), testosterone, and vitamins A, C, and E were added in some cases. They emphasized that FSH was essential for the progression of type A spermatogonia up to the stage of pachytene spermatocytes after 3 weeks of culture, while vitamins A, C, and E, LH, and testosterone were not effective. 24 Suzuki & Sato used their strong technique of micro-insemination for the evaluation of in vitro-produced presumed haploid cells. Fiveday-old mouse testis tissues were cultured for 2 weeks and round spermatids obtained were injected into the oocytes. The embryos developed up to 8-cell stage but no offspring was produced. 25 To our knowledge, this was the first report that might have overcome the long-standing pachytene barrier in the organ culture experiment.
Culture medium they used was Dulbecco's MEM supplemented with 0.1 mmol L −1 each of alanine, aspartic acid, glutamic acid, glycine, proline and serine, together with 1.0 mmol L −1 sodium pyruvate, 10%
fetal bovine serum (FBS), and glutamine. The medium composition they used was quite similar to that of the Steinbergers. Thus, we simply speculate that the quality of culture media and supplements had improved through the decades since the Steinberger's experiments.
We also suppose it is because spermatogenesis of mouse is easier to reproduce in vitro than that of rat.
| Organ culture of human testis samples
The research of human in vitro spermatogenesis by the organ cul- 
F I G U R E 2 A schematic showing results of human in vitro spermatogenesis
However, the authors mentioned in the discussion that many late spermatids observed after 35 days of culture might be just surviving cells. Three years later, another original article reported a result of in vitro human spermatogenesis. The testes from adult patients were labeled with thymidine in a culture dish and kept cultured for 14 days.
The labeled cells showed the chromosomes of prometaphase I, metaphase I, prophase 2, and telophase 2 by autoradiographs. 27 Seven years later, Curtis reported a precise culture experiment also using human testis tissue fragment. 28 She labeled the tissue with thymidine for 1 or 2 hours just after harvesting and continued the culture for 21 days. It was found that many diakinesis figures, an explicit sign of the end of meiotic prophase I, appeared between 10 and 14 days.
It was also described that differentiation beyond diakinesis, however, was not obtained and labeled secondary spermatocytes were not observed. It could be summarized as she wrote in the original article that, under the present culture conditions, spermatogonia are unable to differentiate into meiotically committed cells. Cells already committed to meiosis at culture initiation can proceed through spermatogenesis and were recorded in diakinesis.
| Hanging drop culture method
Hanging drop culture system is the widely used incubation approach for both embryonic and adult tissues. The system was also applied for the incubation of the testes by Szczepny and colleagues in 2009.
They cultured testis tissue of fetal and adult mouse for 48 hours to test the effect of Hedgehog signaling on the testis development. 29 The same group applied the method for culturing testis tissue specimens obtained by the orchidectomy of testicular cancer patients.
The normal testicular tissues cultured in the culture medium containing Dulbecco's modified Eagle's medium/F12 (DMEM/F12) with either 10% FBS or 0.1% bovine serum albumin (BSA) sustained the proliferation of germ cells for 14 days. However, the progression of spermatogenesis was not recognized. and Acr-GFP, respectively, in order to simplify the evaluation.
Because these transgenic mice express GFP at the mid and end stages of meiosis onward, progress in spermatogenesis reaching these stages could be easily detected in each cultured tissue without histological examination. The basic culture method we used was same as that of the Steinbergers or Trowel, namely gas-liquid interphase method, but we made it simpler by using an agarose gel block, instead of metal grid, as a stage for tissue placement ( Figure 3A) . The agarose gel block was half-soaked in the culture media consisting simply of α-minimum essential medium (α-MEM), one of the modified versions of Eagle's medium, and 10% FBS. Flow cytometric analyses showed the presence of 1C cells in the cultured tissues. Following micro-insemination, the live birth of offspring was achieved, demonstrating the in vitro production of the functional sperm for the first time. 32 Because KSR was supposed to contain AlbuMAX, the reason of the success was attributable to AlbuMAX. We have further showed that AlbuMAX, but not other popular bovine serum albumin (BSA), has such a strong effect to induce and maintain spermatogenesis. 33 In addition, another BSA product, purified by chromatographic method like the preparation of AlbuMAX, also has a similar effect. Thus, we speculate that chromatography purified BSAs contain some important factors effective for in vitro spermatogenesis. This issue certainly needs further studies in the future.
The combination of the organ culture method with germ cell transplant provided the derivative technique for research on spermatogonial stem cells (SSCs) and spermatogenesis. As mouse SSCs became possible to culture for their proliferation, we were able to make the cell lines of mouse SSC. [34] [35] [36] When cultured or freshly isolated SSCs are injected in the testis of a recipient mouse, they proliferate and differentiate into sperm in vivo. This was an in vivounique phenomenon by that time. Then, we reproduced the same phenomenon in vitro by injecting SSCs to the testis that was excised out of the mouse. The SSC-injected testis was cut into pieces and cultured on the agarose gel, which resulted in proliferation of SSCs and differentiation up to the sperm formation. 
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In 2014, the agarose gel organ culture system also achieved complete spermatogenesis in the cryopreserved testis of neonatal mice.
After 7 months of cryopreservation, the testis tissues were cultured for producing sperm that were used to fertilize eggs by micro-insemination and produce healthy offspring that matured to produce progeny of their own through natural mating. The DNA methylation levels at 11 differentially methylated regions of the offspring showed normal state of methylation. Thus, the results showed the potential usage of cryopreserving the biopsied testis tissue fragments to preserve the fertility of male pediatric cancer patients in the future. 39 As mentioned above, adult tissue is more difficult to culture than immature tissue in general, and also in the case of testis. Our group challenged this issue again with the agarose gel organ culture method using transgenic mice that express GFP in meiotic cells. 40 In order to make the results clear and unambiguous, mice were treated with vitamin A-deficient (VAD) diet to remove all differentiated germ cells from the testes leaving undifferentiated spermatogonia alone behind. VAD-treated testis was cultured successfully for spermatogenesis up to sperm formation using our culture technique described above. Thus, it was proven that in vitro spermatogenesis with mature testis tissue is possible. However, the efficiency is far lower than that of using neonatal mice. 40 This adult tissue problem is one of the important issues that needs to be addressed in future studies.
Another important issue on testis organ culture experiment is species differences. It became apparent that testis tissues other than the mouse origin are resistant to in vitro spermatogenesis.
Even rat testis tissues are reluctant to advance its spermatogenesis under culture condition (Figure 1) . Although, rats and mice are both rodents and share many anatomical and physiological properties, there are several different characteristics between them. Our study on in vitro spermatogenesis using rat testis tissues did not achieve complete spermatogenesis like the results obtained with mice. In contrast to our results, Liu and colleagues cultured testis tissue of 7-day-old rats and found that spermatogenesis progressed, demonstrating the expression of Sycp3 and Crisp1 genes by RT-PCR in 4 weeks of culture. Histological findings are not conclusive but possibly spermatids appeared. 41 In vitro spermatogenesis of the rat origin remains to be a challenge to be overcome in future studies.
| Microfluidic system
The agarose gel organ culture method became a reliable standard method, repeated by many independent research groups, to induce mouse spermatogenesis. [42] [43] [44] [45] However, the efficiency and duration of the spermatogenesis were far from comparable to those observed in vivo. 46 To improve the culture condition, replicating the microcirculatory system of the body in the organ culture system could be effective. Based on this concept, we adopted the microfluidic technology into our organ culture system. The culture device consisted of a chamber for a tissue and a channel for medium flow ( Figure 3B ).
The cultured testis tissue was separated from the flowing medium by a thin porous membrane. Thus, substances like nutrients and waste products were exchanged by molecular diffusion mechanism as same as in vivo. In the microfluidic device, spermatogenesis of mouse was efficiently induced and stably maintained up to 6 months. Healthy offspring were produced through micro-insemination using sperm and spermatids derived from the testis cultured for 6 months. 47 In addition, the testosterone production, another major function of the testis, was also exhibited in the microfluidic system. Furthermore, the hormone production was stimulated to a higher level on addition of the luteinizing hormone in the flowing culture medium, that mimicked the in vivo phenomenon. In order to make the system simpler and user-friendly, we then developed a device that dispensed with the power pump which was used to generate flow of the culture medium in our original microfluidics device. Using the hydrostatic pressure of the medium in a reserve tank, along with the resistance circuit to control the flow-speed, the pumpless device was able to create the same culture condition for testis tissue in the tissue chamber ( Figure 3C ). In fact, the device maintained the mouse spermatogenesis as efficiently as the pump-connected microfluidic device for 3 months. 48 Taken together, these microfluidic devices succeeded in creating a novel organ culture system, which radically differs from the classical gas-liquid interphase method, and will potentially revolutionize the organ culture method as a whole.
| TUBULE CULTURE , CULTURE OF A S EG MENT OF S EMINIFEROUS TUBULE
As we saw the limitations of organ culture method in 1960s, another approach using the fragments of the seminiferous tubules, instead of testis tissue mass as in organ culture method, was sought in the following decades. Initially, Eddy and Kahri isolated and cultured fragments of seminiferous tubules from 7 to 35-day-old rats in the culture dish as submerged style. They carefully observed the migration of cells out of the tubules. Even after 4 weeks of incubation, the presence of spermatocytes, presumed by their round shape, was detectable in both light and electron microscopy, suggesting the possibility that a tubular culture method can support ex vivo spermatogenesis to some extent. 49 Parvinen and colleagues elaborated the tubule culture method.
They found that spermatogenic cycle was found to be discerned by looking at tubules with transillumination. 50 
| CELL CULTURE ME THOD, T WO DIMENS IONAL (2D)
As was shown in 1960s-70s that organ culture method did not promise its success in promoting in vitro spermatogenesis beyond the pachytene stage, researchers turned their attention to cell culture method. However, cell culture methods had two innate disadvantages compared with organ culture methods. First, losing 3D structure of the seminiferous tubule can be detrimental for proper spermatogenesis to take place, which seems to be the case as dis- 
| Primary culture
It should be noted that the Steinbergers tested the cell culture of rat testicular cells. 55 62 Nine years later, the same strategy using different immortalizing factor, telomerase, was adopted to produce a spermatogonial cell line. 63 In this case, the immortalized cells reportedly showed differentiation ability up to haploid cells. Studies using immortalized germ cells for in vitro spermatogenesis are attractive and potentially useful for elucidating the mechanism of spermatogenesis. However, manipulating the genome of germ cells cannot be used for reproduction of animals, let alone for human. In this sense, this strategy has its own limitation.
| Importance of germ cell-Sertoli cell interaction
In 1998, Durand's group reported an incubation of the testicular cells from 23-25 dpp rats labelled with BrdU in vivo, by intraperitoneal injection, 9 days before culture experiment started. In this way, they faithfully evaluated the fate of the pachytene spermatocytes, the most advanced labeled cells at the start of culturing, in culture. They became secondary spermatocyte in 5 days, and round spermatids in 7 days. The duration of the process appears very close to that in vivo.
The production of 1C cells was maintained for 3 weeks in the analysis of ploidy. In this study, DMEM F12-based medium with 0.2% FCS, testosterone, and FSH was used. 64 Testis tissues were digested with collagenase and seminiferous tubules were harvested for further dissociation of the cells. Nonetheless, at the same time, researchers tried to maintain the interaction between Sertoli cells and spermatogenic cells as much as possible. This sounds a bit tricky but was written to be an important point to make spermatogenesis occur in vitro.
The same group used the BrdU-labeling method to extend the results. 65 This time, the BrdU was injected to rats aged 20-28 dpp one day before the culture experiment started. Thus, the labeled cells at the most advanced stage were leptotene spermatocytes and the progress of their differentiation was followed in culture. In 1 week, BrdU-labeled small pachytene spermatocytes appeared, while in 2 weeks, middle-to-late pachytene spermatocytes were observed as labeled cells. After 3 weeks, diakinesis and secondary spermatocytes were observed. In the end, quadruplets of BrdU-labeled round spermatids in the culture were observed from Day 21 onward. It was described that these spermatids tended to separate from each other thereafter. This report beautifully described the process of meiotic phase progression in vitro. 65 Using immature mice, 13-18 dpp, Marh et al succeeded in in vitro spermatogenesis from pachytene spermatocyte to round spermatid. In this study, they used serum-free medium, named TKM, which contains various factors like insulin, insulin-growth factor 1, growth hormone, epidermal growth factor, retinol, testosterone, and dihydrotestosterone. It was also recognized that a Sertoli cell-feeder layer played an important role for driving the meiotic division forward.
After 7-10 days of incubation, round spermatids appeared and were used for micro-insemination, which resulted in offspring production. 67 This was the first report that in vitro-produced haploid cells successfully used for offspring generation with micro-insemination.
The importance of Sertoli cell and hormones of FSH, testosterone, and epinephrine, were also demonstrated in the process of round to elongating spermatids transformation in vitro. Hasegawa et al elegantly cocultured mouse round spermatids with Sertoli cells, which were collected manually with a micromanipulator, in DMEM supplemented with 10% FBS, testosterone, FSH, and epinephrine, for 2 days. Resultant elongating spermatids were capable of inducing embryo development after micro-insmeination into oocyte to the same extent as that of in vivo-derived elongating spermatids, while round spermatids were not able to. 
| Human biopsy specimen
As seen above, human spermatogenesis using organ culture method was limited in success compared to that using mice and rats. In late 1990s, biopsy specimens of patients partially digested or mechanically disintegrated were used for culture experiments. Tesarik et al performed human testis cell culture experiment using biopsy specimens of patients with obstructive azoospermia. They incubated the sample for 24 or 48 hours to observe any progression of spermatogenesis. It was reported that post-meiotic cell differentiation was observed; morphological changes of spermatid nuclei and flagellar growth were noted. In addition, meiotic progression was also detectable. They argued that some of such progression was enhanced by the presence of FSH 69 ( Figure 2 ). This study, however, was too short in observation periods to generate a conclusive statement on the possibility of in vitro human spermatogenesis. The incubation of the cryopreserved testicular biopsy specimen from non-obstructive azoospermia was also performed by the same group with the same results. They concluded that the progression of spermatogenesis continued only for 24 hours and no additional benefit was observed by prolonging the culture beyond that time point, which appears rather pessimistic. 70 Cremades et al collected round spermatids under the microscope with micro-manipulator from biopsied sample of four infertile patients. They cultured the round spermatids on the Vero cell feeder in a commercially available medium for embryo culture supplemented with 10% synthetic serum substitute for 5 days. They observed that the round spermatids progressed further up to elongated spermatids. 71 Vero cell is a cell line derived from kidney epithelial cells of an African green monkey and was reported to support human embryo development in a culture. 72 As the culture was done in microdrops, matocytes, can take place in vitro. 74 However, the period of 5 days may be too short to complete that process. In another study using purified SSCs from azoospermic patients, cells were cocultured with Sertoli cells isolated from patients. CD49f (Integrin α6) was used as a marker of SSCs for their isolation with FACS. After a 5-day incubation, the immunostaining of SCP3 and CREST showed the existence of the meiotic germ cells. FISH analysis confirmed the appearance of the haploid cells. 75 In this study again, 5 days are too short a period to complete such a complicated process of differentiation.
| Experiments using bovine testis
Based on the accumulated knowledge on the 2D cell culture system in rodents, research of in vitro spermatogenesis in other species were performed. In many cases, DMEM or DMEM plus F12 medium sup- Our group reported that such a reconstruction of the seminiferous tubule structure is possible in vivo in the subcutaneous space of mice. 85 Then, we extended that study by demonstrating the reconstruction of tubular structure with dissociated neonatal testicular cells totally in vitro. 86 However, the efficiency was yet lower than the regular testis tissue organ culture experiments. There is much room to improve culture conditions for more efficient spermatogenesis.
| CON CLUS ION
In this review, we recognized a steady progress of the study of in vitro spermatogenesis over the last century. It was rapid and drastic occasionally but, in most other times, it was rather sluggish. In vitro spermatogenesis has been always a tough project for researchers. It is sure that spermatogenesis is a complex biological process. As a result, the microenvironment in the testis is tuned in each species for maximum productivity which is thus vulnerable for any minor disturbances in that condition. Building up such delicate micro-environment out of the body is a challenging task and now becoming a prime theme for modern biology. We hope that researchers will conquer this task through applying cuttingedge technologies and broad knowledge in the related areas. The artificially produced in vitro environment, which is really comparable to that of in vivo, can be used to decipher the relationship between the environment and the quality of the products, as well as the genomic and epigenomic integrity of sperm. Such research will benefit our understanding on the reproduction and our future reproductive medicine. 
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